Introduction to Non-Heme Iron Enzymes
Non-heme iron enzymes promote a number of important biological reactions, including serotonin, 1 leukotreine, 2 and DNA 3 synthesis. Most mononuclear non-heme iron enzymes contain iron ligated by oxygen and/or nitrogen ligands ( Figure 1A ). [4] [5] [6] Many of these enzymes promote dioxygen activation, resulting in the formation of highly reactive ironperoxo (Fe III 9 oxidation catalysts. 8 The flexible coordination environment of enzymes containing 2-His-1-carboxylate (N 2 O)-ligated iron leaves room for substrate as well as dioxygen activation to occur at the metal site. In many cases, dioxygen binding does not occur until substrate has entered the active site cavity. [4] [5] [6] 10 In the enzyme lipoxygenase, the active catalyst is an Fe III -OH that is capable of cleaving weak C-H bonds. [11] [12] [13] The property most important in promoting this H-atom abstraction chemistry is the redox potential, which favors the Fe II oxidation state. [14] [15] [16] Relatively recently, a new class of cysteinate sulfur-ligated non-heme iron enzymes emerged. This new class includes nitrile hydratases (NHases), [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] superoxide reductases (SORs), [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and peptide deformylases (PDFs). [43] [44] [45] The active site structures of these enzymes are compared with that of N 2 O-ligated non-heme iron enzymes in Figure 1 . Crystal structures are available for all three cysteinate-ligated non-heme iron enzymessnitrile hydratase Her research focuses on understanding the role played by sulfur in determining function in cysteinate-ligated non-heme iron enzymes. She approaches this problem via the synthesis of small molecular enzyme active site analogues which reproduce key spectroscopic features. Systematic alteration of the active site structure allows one to correlate structure with properties and function. In addition to her work, a love of the outdoors (both salt and mountain air), her husband (Steve), and her two children (Anna and Eric), inspires her to treasure each and every day. (NHase), 25, 26 superoxide reductase (SOR, vide infra), 34, 40 and peptide deformylase (PDF). 46 Peptide deformylases contain a tetrahedral Fe II ion ligated by one cysteinate sulfur, two histidine nitrogens, and a water. 46 As shown in Figure 1 , SOR shares the N 2 X triad (X ) O, S) seen with the majority of non-heme iron enzymes, with a cysteinate (X ) S; Figure 1B ) replacing the more common carboxylate (X ) O; Figure 1A ) residue, and two histidines replacing two of the waters. Nitrile hydratase ( Figure 1C ) and SOR ( Figure 1B ) have in common an active site containing a cysteinate sulfur trans to the "substrate binding site". Two additional cysteinates ligate the iron of NHase ( Figure 1C ), completing one of the faces of an octahedron, with the remaining coordination sites occupied by two peptide amide nitrogens and either a hydroxide (pH ) 9 form), 22, 23, 25, 47 or NO (inactivated form). 24, 26, 48 Metal ion ligation by peptide amides is rare in biology. There are only two other examples of this ligation mode: the P-cluster of nitrogenase 49 and the bimetallic reaction center (the "A cluster") of acetyl CoA synthase (ACS). 50 As shown in Figure  2 , the active site structure of SOR (in its reduced state) resembles that of the heme iron site of cytochrome P450. 51 Both contain a cysteinate ligand trans to an open coordination site, with the four equatorial histidines of SOR resembling a broken-up porphyrin ring.
An obvious question about the structure of this newer class of enzymes concerns the role that peptide amides and cysteinate sulfur ligand(s) might play in promoting function. The function of this new class of non-heme iron enzymes varies enormously from nitrile hydratation ( Figure 3 ) by nitrile hydratases (NHases), 22, 23, [25] [26] [27] [28] 52 to the hydrolytic removal of a formyl "tag" by peptide deformylase (PDF), [44] [45] [46] to superoxide reduction ( Figure 3 ) by superoxide reductases (SORs). 33, 34, 42, 53 Peptide amides have been shown to stabilize metal ions in higher oxidation states [54] [55] [56] [57] and favor structures with lower coordination numbers. 56, 58 The latter may help to maintain an "open" exchangeable site at the NHase iron for substrate or hydroxide binding to occur. Cysteinate sulfur ligands are known to form highly covalent bonds to transition metals 59, 60 and facilitate electron-transfer reactions. 61, 62 As shown in this review, cysteinate sulfur ligands also help to stabilize Fe III and make low-spin iron accessible in a non-heme environment. [63] [64] [65] The trans-coordinated cysteinate sulfur of the heme iron enzyme cytochrome P450 is thought to promote O-O bond cleavage, resulting in the formation of a reactive oxidation catalyst. 51, [66] [67] [68] As described in this review, the trans-coordinated cysteinate sulfur of NHase has also been shown to play an important role in promoting reactivity, by promoting ligand dissociation at the trans site. Cysteinate sulfurs could also potentially provide an alternate site for reactivity to occur with dioxygen, peroxides, or even hydroxides (vide infra). [69] [70] [71] This review will primarily focus on synthetic functional and structural models for the cysteinate-ligated non-heme iron enzymes NHase and SOR. For additional review articles focusing on the more biological aspects of these enzymes, see refs 27, 28, 35, 72-77 . For reviews focusing on NHase modeling studies, see refs 78 and 79. For reviews on nitrogen/oxygen-ligated non-heme iron enzymes, see refs 1, 4, 6, 80-84.
Nitrile Hydratase (NHase)

Enzyme Function
Nitrile hydratases (NHases) convert nitriles to less toxic amides cleanly and rapidly under mild conditions. 17, 18, [21] [22] [23] 47, 48, 52, 75, [85] [86] [87] [88] [89] [90] [91] It has been proposed that nitriles serve as the sole carbon and/or nitrogen source for the growth of bacterial-containing NHase enzymes. NHases are found in microorganisms such as Rhodococcus sp. R312 and N771 and Pseudomona chlorophis. 28, 92 Potential applications for this biocatalyst include the industrial production of amides, 93 enantioselective amide synthesis, 88 and conversion of nitrile wastes to less toxic amides. In Japan, microbial NHase is currently being used in the kiloton production of acrylamide. 93 In contrast to most hydrolytic enzymes, NHase contains iron, or in some cases cobalt, 19, 94 as opposed to zinc. 95 The cobalt form of NHase (Co-NHase; vide infra) is utilized in industrial acrylamide production, because it is more stable than Fe-NHase. Zinc is usually the metal of choice for promoting biological hydrolytic reactions, 95, 96 presumably because it is not complicated by redox chemistry. Iron, on the other hand, can promote unwanted side reactions with dioxygen (i.e., Fenton chemistry involving OH
• radicals) involving indiscriminant H-atom abstraction reactions resulting in damaged proteins or DNA. 97 For Fenton chemistry to occur, the Fe 2+ oxidation state must be accessible, 98 however. The most extensively studied NHases are the Fe-NHases from Rhodococcus sp. R312 and N771. 18, [21] [22] [23] 26, 28, 48, 92, 99 Co-NHases are EPR silent, 19, 94, 100, 101 and thus the active site is more difficult to probe spectroscopically. cysteinate sulfurs in the equatorial plane appear to be oxygenated (i.e., post-translationally modified), 26, 92, 99, 102 however, one to a sulfenate ( 114 Cys-Sd (O)) and the other to a sulfinate ( 112 Cys-Sd(O) 2 ; Figure 4 ). It is not clear whether both of these oxidized sulfurs are required for catalytic activity. 102 Dioxygen is required for activity when the recombinant unmodified protein lacking Fe is reconstituted with ferric citrate in a mercaptoethanol buffer. 99 Since excess mercaptoethanol would reduce ferric citrate to ferrous citrate, it is not clear whether oxygen is required in order to oxidize the metal ion, the ligated cysteinates, or both. The sulfinate is reproducibly observed in digested protein by mass spectroscopy, but the sulfenate is not. 28, 102 Free sulfenates are unstable, however. 103 It is possible that the oxygens on the sulfurs are introduced during the digestion process. However, there does appear to be some correlation between activity and the amount of 112 Cys-Sd(O) 2 present. 99 Further oxygenation of the singly oxygenated 114 Cys-Sd(O) apparently shuts down activity. 104 Definitive proof for the requirement of both oxygenated sulfurs would involve the correlation of enzyme activity with either the presence of ν SdO stretches in the resonance Raman (RR) spectrum or the observation of oxygenated sulfurs by S-XAS. Studies of this nature have yet to be reported.
The NHase active site iron resides in a rather electron rich environment, given that five anionic ligands (two deprotonated amides and three cysteinates) are coordinated to the iron. 26 Oxidation of one or two of the coordinated sulfur ligands would serve to remove some of this excess electron density. Tautomerization of the coordinated amides to their imidate form would also provide a mechanism for the removal of excess electron density. DFT calculations show that there is significant double-bond character between the nitrogen and carbon atoms of the coordinated peptide amides, implying that they have significant imidate character. 105 Two highly conserved arginines (Arg 56 , Arg 141 ; Figure 4 ) 28, 106 residing in the active site cavity (∼5.0 Å away from the Fe) may also serve to remove some of this electron density. As shown in Figure 4 , both Arg 141 and Arg 56 are within H-bonding distance of the sulfinate and sulfenate oxygens ( 112 Cys-Sd(O) 2 and 114 Cys-Sd(O)). Both of these arginines are required for catalytic activity. 28, 106 It is also possible that the arginine closest to the "substrate" binding site ( 56 Arg) helps to stabilize a critical transition state or protonate an intermediate. A highly conserved serine hydroxyl group, 113 Ser-OH, also sits near 28 ,102 the "substrate binding site" (3.8 Å away from the Fe). It has been proposed that this serine-OH helps to stabilize the Fe(III)-NO species in NO-inhibited NHase by forming a "claw", along with the sulfinate and sulfenate oxygens (Figure 4 ), that holds NO in place. 26 Alternatively, this serine-OH may get involved in the catalytic cycle by either stabilizing a critical transition state or protonating intermediates along the reaction pathway.
Spectroscopic Properties
The Fe-NHase active site is characterized by an intense charge-transfer band near 700 nm in the electronic absorption spectrum (Table 1) . 21, 52, 85 This intense band has been assigned as a sulfur-to-iron charge-transfer band on the basis of resonance enhancement of ν Fe-S stretches in the RR spectrum. 23 The iron ion of NHase is in the 3+ oxidation state, low-spin (S ) 1 / 2 ), and redox inactive. The inability of this site to undergo redox reactions prevents unwanted Fenton or H-atom abstraction chemistry from occurring. The low spin-state of the NHase iron site is unusual for non-heme iron and unexpected, given the π-donor properties of the cysteinate thiolate ligands. The higher 3+ oxidation state of this site is uncommon, since transition-metal thiolates are prone to undergo autoreduction. [107] [108] [109] Dithiothreitol, a common biological reductant, does not reduce the Fe III ion of NHase, however, indicating that the 3+ oxidation state is extremely stable in this enzyme. 85 The EPR signal associated with NHase is characteristic of an S ) 1 / 2 system containing an odd electron in a d xy orbital. 23 The g max ) 2.27 associated with this EPR signal (Table 2) is low relative to, for example, the heme enzyme cytochrome P450 (g max ) 2.45), 110 suggesting that unpaired spin density is delocalized onto the ligating atoms of NHase. Both the UV/vis spectrum and the EPR signal of NHase are pH-, substrate-, and inhibitor-dependent (Tables 1 and  2) . 22, 23, 52 This suggests that substrates (RCN) and inhibitors (N 3 -, NO, butyrate) bind to, or near, the metal site. The pH dependence has been attributed to the protonation of either a coordinated ligand or a nearby residue involved in H-bonding to one of the coordinated sulfurs (at pH ) 7.3). 22, 23 Enzyme activity is also pH-dependent; the pH ) 9 form is inactive, whereas the pH ) 7.3 form is active. 
NO Regulation of Activity
When whole-cell samples of NHase are stored in the dark at low temperatures, NHase is inactivated. Light exposure reactivates the enzyme. 48, 86, 87, 89, 90 Purified, isolated samples of the NHase enzyme, on the other hand, are not inactivated by the exclusion of light, implying that the source of inactivation is contained somewhere in the whole cells. This was ultimately proven to be the case when it was demonstrated that nitric oxide (NO • ), produced by NO synthase, was responsible for the observed dark inactivation. 17, 48, 90, 111 Upon the addition of authentic samples of NO • (an S ) 1 / 2 radical), the S ) 1 / 2 EPR signal associated with NHase disappears, 48 and an IR stretch appears at 1853 cm -1 . 90 These observations indicate that NO binds to the metal site, and that once bound it looks more like NO • than NO + or NO -. Nitric oxide (NO) apparently displaces the H 2 O/OHand thereby prevents nitriles from binding to the metal ion, or replaces the catalytically active Fe-OH species (vide infra). Light photolytically cleaves the Fe-NO bond by promoting an electron into an orbital with σ*(Fe-NO) character, resulting in the release of NO • . 17 Density functional calculations show that an orbital with σ*(Fe-NO) character lies near the filled NO-character orbitals, making this mechanism of Fe-NO bond cleavage feasible. 112 Once NO is released, the coordinatively unsaturated metal ion would be more accessible to nitriles and/or water. Consistent with this possibility, Munck and Nelson have shown that a five-coordinate intermediate forms at low temperatures upon the release of NO, which then converts to the six coordinate hydroxide-bound form upon warming. 113 Nitric oxide appears, therefore, to play a regulatory role, in which it turns NHase activity off and on, depending on the light conditions, by binding to the Fe III ion. 77 
Proposed Mechanism
Although the structure of NHase has been defined, a number of unresolved questions have yet to be adequately addressed. One of these concerns the mechanism of nitrile hydrolysis. Nitriles are extremely resistant to hydrolysis. The nitrile carbon atom is only very slightly electrophilic, making it unsusceptible to attack by water (or hydroxide) except under forcing conditions (at elevated temperatures). Rates are enhanced either by increasing the electrophilicity of the nitrile carbon or by using reagents more nucleophilic than hydroxide. Thiolates, for example, have been shown to catalyze nitrile hydrolysis via the formation of a thioimidate intermediate ( Figure 5 ), 114 which is readily hydrolyzed. 115, 116 In fact, nitrilase, 72, 116 the enzyme that hydrolyzes nitriles all the way to the corresponding acid and ammonia, possesses a catalytic cysteinate and no metal ion. Mercaptoethanol will hydrolyze nitriles with ∼10 3 rate enhancement vs the uncatalyzed rates. 115, 116 This is ∼10 -3 slower than M 3+ -catalyzed reactions (vide infra). 117 In the absence of thiols, and under basic conditions (e.g., 0.65 M [OH -]), reactions are first order in both nitrile and hydroxide, indicating that the transition state involves direct attack of hydroxide at the nitrile carbon. The reported activation energy for nitrile hydrolysis under these conditions is 20.3 kcal/mol. 118 In the presence of a Bronstead acid, E a is ∼5 kcal/mol higher than that of the base-promoted 118 Consequently, free nitrile hydrolysis usually proceeds all the way to the carboxylic acid. Thiolate-catalyzed nitrile hydrolyses can be stopped at the amide by controlling the pH (3 < pH < 8). 115 Transition metals selectively catalyze hydrolysis of nitriles, stopping at the amide. Upon coordination to a Lewis acidic metal ion, the nitrile carbon atom is activated toward nucleophilic attack by OH -, and the developing imidate anion is stabilized. [119] [120] [121] Nitrile hydratase hydrolyzes nitriles under mild conditions (pH ) 7.5, ambient temperature 122 The reported activation energy for nitrile hydrolysis by NHase (from Brevibacterium imperialis CBS 489-74) is 13.75 kcal/mol. 123 Three distinct mechanisms of nitrile hydrolysis by NHase have been proposed ( Figure 6 ). 25 It has also been proposed that the sulfenate sulfur may be directly involved in the mechanism (vide infra). 69 Two of the mechanisms shown in Figure 6 (mechanisms 1 and 2) involve the metal ion generating a hydroxide source for the nucleophilic attack of a free nitrile, with (mechanism 1) or without (mechanism 2) the involvement of an intervening water molecule. The third (mechanism 3) is the only mechanism that would increase the nitrile carbon's electrophilicity via its coordination to the Lewis acidic metal ion. One could argue that the five anionic ligands make the Fe 3+ ion of NHase a poor Lewis acid; however, the oxygenated sulfurs 26, 99, 102 and nearby H-bonded residues (e.g., Arg, Figure 4) 28, 106 would offset this. The fact that the pK a of a M 3+ -bound water has been shown to decrease upon oxygenation of a thiolate (in an NHase model complex) supports this possibility. 124 Also consistent with this, recent DFT calculations indicate that the iron ion of NHase is moderately positively charged (calculated Mulliken charge ) +0.49), 112 supporting its possible role as a Lewis acid. The last two mechanisms shown in Figure 6 are differentiated from the first in that they involve metal-bound intermediates and require that the metal ion release product at reasonably fast rates. One might predict, however, that this would be problematic for "substitution inert" low-spin Co(III) and low-spin Fe(III). 125, 126 There is spectroscopic evidence that supports mechanism 3, however. 52 Both the EPR signal and electronic absorption spectrum of NHase change upon the introduction of nitriles. 52 One could interpret this to mean that nitriles coordinate to the metal ion; however, it is also possible that the nitrile indirectly perturbs the metal ion by slightly distorting its structure as it "wedges" itself into the active site pocket. There is also literature precedent for mechanism 3. 117, 127, 128 Metal ions have been shown to enhance nitrile hydrolysis rates by as much as 10 6 -10
7
, and rate enhancement is greater for 3+ vs 2+ metal ions (vide infra). 117 44, 46 There had been some controversy surrounding the identity of the metal ion in the active PDF catalyst, 44 and some originally believed Zn II to be the active catalyst. 43 Although one would not expect a hydroxide coordinated to a 3+ metal ion to be a good nucleophile, the large number of anionic ligands coordinated to the Fe(III) ion of NHase would partially decrease the metal ion's "3+ charge". As described by Caulton, 132 it is likely that the HOMO of an M-OH contains a rather large lobe concentrated on the distal side of the O-atom, making it a better nucleophile than free OH -.
Cobalt-NHase
Cobalt(III) replaces Fe(III) in NHases obtained from Pseudomonas putida, Rhodococcus rhodochrous J1, and Pseudonocardia thermophila. 19, 94, [133] [134] [135] Like the iron enzyme, the cobalt enzyme is redox inactive and low-spin (S ) 0). Low-spin Co(III) is very rarely utilized in metalloenzymes, in part because it is extremely inert with respect to substitution reactions. 136 This begs the question: How can nature utilize a substitution-inert metal ion? Does this imply something about the mechanism? Perhaps it suggests that substrates do not actually bind to the metal center. Or, perhaps nature has devised some way around this problem. The large amount of sequence homology in the active site regions of Fe-NHase and Co-NHase foretold their nearly identical structures, as revealed by X-ray crystallography. 101 This structural similarity was also anticipated on the basis of experiments which showed that replacement of the Fe 3+ ion of FeNHase from Rhodococcus sp. n-771 with Co 3+ resulted in an enzyme with properties identical to those of Co-NHase from Pseudomonas putida NRRL-18668. 133 Co-NHases are more stable than Fe-NHases and preferentially react with aromatic nitriles, in contrast to the Fe-NHases which preferentially react with aliphatic nitriles. Differences in conserved residues located in the R-subunit, thought to be involved in substrate recognition and binding, are most likely responsible for these differences. Nitric oxide (NO) does not appear to coordinate to the metal ion of CoNHase. Since it contains a low-spin d 6 
ion (a weakly colored, EPR-silent metal ion), CoNHase has been more difficult to probe spectroscopically than Fe-NHase. Thus, very little spectroscopic data is available on this subclass of NHases.
Electronic and Geometric Structural Models of NHase
The molecular-level details regarding metalloprotein function emerge from several complementary lines of study, at the interface of chemistry, biology, and physics. 137, 138 Protein structure and function can be probed using high-resolution (synchrotron) X-ray crystallography and site-directed mutagenesis. Application of biophysical techniques (such as EXAFS, RR, MCD, EPR, ENDOR, and Mossbauer) which specifically probe the metal ion and its surroundings reveals details about the electronic and geometric structure of the active site. 5, [139] [140] [141] [142] Systematic alteration of the active site structure allows one to correlate structure with properties and function. This is readily accomplished with synthetic models. 143 Small molecular analogues reproducing key spectroscopic features help to fine-tune details regarding active site structure and mechanism by providing, for example, parameters needed to interpret biophysical data. Details regarding key bond lengths (e.g., the O-O distance of an activated O 2 intermediate), the presence or absence of protons, [144] [145] [146] [147] or the identity of intermediates 7-9 can be "fuzzy" or lacking, due to limitations imposed by either the biological system or the physical technique. Quite often these details can be revealed via synthetic models.
The Influence of Thiolates and Amides on Properties
Monomeric thiolate-ligated Fe III complexes are difficult to synthesize, due to the electron-rich nature of the ligand, which favors autoreduction of the metal. 108 The additional lone pairs of the thiolate ligand can be used either to form multiple bonds to a single metal ion or, more commonly, to form bridges to other metals. 148, 149 Consequently, dimeric or polymeric structures frequently form as the predominant product in reactions between thiolates and metal ions. Steric bulk is usually required to avoid these undesirable reaction pathways. 108 Reactions with oxidants such as superoxide and peroxide are complicated by the potential for initial attack at, and ultimate oxidation of, the sulfur rather than the metal ion. Despite these synthetic challenges, much progress has been made in the biomimetic modeling of cysteinate-ligated non-heme iron active sites in biology. 54, [63] [64] [65] 69, [124] [125] [126] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] The first attempt at modeling NHase was reported in 1988 by Sakurai. 166 Figure 7 , L ) 1,4,7-tris(4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane), 156 which is intensely colored and low-spin (S ) 1 / 2 ) at low temperatures (Table 2) . A thermally accessible S )
/ 2 spin-equilibrium and slightly longer Fe-S bond lengths (2.28 Å) in 1 relative to those reported (2.21 Å) for NHase ( Table 3 ). The electronic spectrum of 1 is dominated by two intense charge-transfer bands at 651(6110) and 775(4520) nm (Table 1) . When the phenyl thiolates of 1 ( Figure 7 ) are replaced with more-electron-donating alkanethiolates, the S )
) 1,4,7-tris(2-mercaptopropyl)-1,4,7-triazacyclononane) is stabilized relative to the S ) 1 / 2 state, and the chargetransfer band shifts to 551(2370) nm (Table 1) . In 1995, Kovacs showed that when two cis-alkanethiolates and two imines are incorporated into the coordination sphere, the spectroscopic and magnetic properties (electronic spectrum ( (Tables  1 and 2) . 63 As shown in Figure 8 , the electronic spectrum of 3 is remarkably similar to that of the NHase enzyme, 63 with an intense low-energy band assigned 167 (for a model closely related to 3) as a πS-to-Fe charge transfer band. This low-energy band is consistently observed as long as two cis-thiolates and imines (MesCdNs) are included in the primary coordination sphere (Table 1) . 64 Replacement of the terminal amines of 3 with imidazoles (5) or pyridines (6; Figure 9 ) only slightly perturbs the electronic absorption spectrum, and the spin-state remains S (28) (Tables 1 and 2 ). 64 gem-Dimethyl substitutents adjacent to the sulfurs add both thermodynamic stability and steric protection, preventing dimerization. 64 Removal of these methyls results in a less stable complex ([Fe III (AMIT) 2 ] + (4; Figure 9 )) with longer Fe III -S bonds (Table 3 ). In 1999, Mascharak showed that when imines are replaced with amides in aromatic Fe III -thiolate complexes, the electronic spectral properties of the resulting complex (Table  1 ) most closely resemble those of the NHase enzyme after oxygens are added to the sulfurs. 158 Addition of two oxygens to each of the aromatic thiolate sulfurs of [Fe III (PyPepS) 2 ] -(7, Figure 11 ), 54 to afford [Fe III (PyPepSO 2 ) 2 ]
-(8), causes a color change from red to green, and the lower-energy band (Table 1) at 850 nm shifts to ∼690 nm (closer to that of the NHase enzyme). 158 From the intensity of the low-energy electronic absorption bands associated with 3-6 (Table 1, Figure 9 ), it is clear that the Fe-S bonds in these complexes are fairly covalent, but not quite as covalent as, say, the Cu-S cysteinate bonds found in blue copper proteins ( ) 3000-5000). 168 The high degree of covalency in the Fe-S bonds of model compounds 1, 156 169 The delocalization of electrons within these covalent bonds reduces the energy required to pair electrons (the nephelauxetic effect), allowing easy access to the low spin-state. 170 With compounds 3-6 (Figure 9 ), the involvement of only one (d xy ) as opposed to three (the entire t 2g set) π-symmetry d orbitals also contributes to the low spin-state. 167 158 are all low-spin (S ) 1 / 2 ), indicating that even in the absence of anionic amides, aliphatic thiolates alone will favor a low spin-state (Table 2) . Imine-ligated 3 is low-spin even at ambient temperature, with no signs of thermally accessible higher spin-states. 63 Oxygenation of the sulfurs has very little effect on the preferred spin-state as long as deprotonated amides are included in the coordination sphere. 158 The fairly narrow g-spread (∆g ) g max -g min ) 0.14; Table 2) in the rhombic EPR spectra of these complexes (as illustrated for 6 in Figure 10 ) supports the notion that there is extensive mixing of ligand orbital character into the singly occupied MO. Most S ) 1 / 2 systems, including cytochrome P450 (g ) 2.45, 2.26, and 1.91), 51, 67 have a larger g-spread than is seen with complexes 3-6. Delocalization of electrons within the highest occupied molecular orbital of 3 is also supported by Kennepohl and Solomon's DFT calculations on a related model. 167 These calculations show that the SOMO (singly occupied molecular orbital) d xy (Fe-Sπ*) of 3 has significant sulfur character ( Figure 12 ).
The Sπ f Fe(III) CT absorption band associated with low-spin Fe III -thiolate complexes 3-6 ( Figure  9 ) is a sensitive reporter of perturbations to not only the primary coordination sphere but also the outer coordination sphere, (i.e., the ligand's periphery, as well as solvent). Complexes 3-6 are all soluble in water as well as most organic solvents. As the H-bonding ability of the solvent is increased (Table  1) , the CT band blue-shifts ( Figure 13) . 64 This shift is what one would expect if the sulfurs were involved in H-bonding ( Figure 14) . H-bonding would stabilize any molecular orbital possessing sulfur character, including both the antibonding SOMO d xy (Fe-S(π*)) and the bonding Sπ(Fe-S(π)) orbitals. Since both of these orbitals are involved in the charge-transfer transition observed near 700 nm, one would expect the energy of this transition to be affected only if the net H-bonding-induced stabilization is not identical for both orbitals. Since it protrudes more toward the solvent, one would expect the lower energy Sπ(Fe-S(π)) orbital with greater sulfur character to be stabilized more ( Figure 14) . The observed blue-shift ( Figure 13 ) supports this description. The electronic spectrum of NHase is also sensitive to changes in H-bonding. However, with NHase the CT band redshifts, 23 as opposed to blue-shifts, when the number of H-bonding donors is increased. This suggests that something other than H-bonding to the sulfurs, such as H-bonding to either the amide or sulfinate and/or sulfenates oxygens, is responsible for this shift with NHase.
2.7.1.1. Redox Inactivity. The majority of hydrolytic enzymes 95, 96 Figure 11 ) is reduced at a potential of -1.12 V, whereas imine-ligated [Fe(III)(PyAS) 2 ] + (10) is reduced at E 1/2 ) -0.13 V vs SCE (Table 4) . 54 This difference can be attributed, in part, to differences in molecular charge, since 7 is anionic, whereas 10 ( Figure 11 ) is cationic. One would expect it to be more difficult to add an electron to an anionic complex. The alkanethiolate sulfurs (i.e., cysteinate sulfurs) of NHase also play an important role in shutting down redox activity, as is shown by the redox potentials (Table 4) of model complexes 4-6 ( Figure 9 ). 64 These complexes incorporate two alkanethiolate ligands but lack anionic carboxamides, incorporating neutral imines in their place. Even though complexes 4-6 are cationic, their redox potentials are still fairly anodic and fall in the range E 1/2 ) -0.72 to -1.02 V (vs SCE). 64 Replacement of the imine nitrogens in alkanethiolateligated 4-6 with carboxamides would be expected to shift these potentials to even more negative values (by ∼1 V based on Mascharak's observations), 54 since the overall molecular charge would become negative. Likewise, replacement of the aromatic thiolates in 7 ( Figure 11 ) with alkanethiolates would be expected to shift Mascharak's potentials 54 tion state fairly inaccessible under biologically relevant conditions. This is important in order to avoid unwanted Fenton (OH • ) or H-atom abstraction chemistry.
Models Containing Oxygenated Sulfurs
The most comprehensive examination of metalthiolate sulfur oxidation chemistry has been provided by Darensbourg and co-workers. [171] [172] [173] [174] [175] [176] Darensbourg's group has shown for the series of Ni-thiolate complexes shown in Figure 15 that thiolate sulfur oxygenation increases the σ-donor properties of the sulfur and raises the redox potential, making the complexes easier to reduce. The M-S bond lengths either slightly decrease or increase, depending on the number of oxygen atoms added. Addition of a single oxygen atom increases the Ni-S bond lengths (from 2.15 to 2.16 Å), whereas addition of two oxygen atoms tends to decrease these bonds (from 2.15 to 2.12 Å). 171 and increased reactivity with oxygen-atom-abstracting agents. 176 One would anticipate similar behavior with NHase. Oxygenation of the sulfur ligands would be expected to remove electron density from the metal ion, thereby increasing its Lewis acidity. Sulfur oxygenation would also "tie up" the sulfur's π-symmetry orbitals and "push" the ligand-centered orbitals further below the metal-centered orbitals (in energy). Solomon and co-workers have shown that the lowenergy ligand-to-metal charge-transfer (LMCT) band characteristic of NHase involves the promotion of a π-symmetry sulfur electron into the half-occupied metal d xy orbital. 167 For this transition to occur at low energies, it is required that at least one of the thiolate sulfurs remain unoxygenated. In NHase, the apical cysteinate, trans to the hydroxide (and potential "substrate binding" site), is the only sulfur that is reproducibly observed to be unoxygenated (Figure 4) . The oxygenated sulfurs lie in the equatorial plane, cis to the hydroxide, and accessible to the solvent channel. Thus, the apical sulfur is at least partly, if not predominantly, responsible for the enzyme's intense color. How the deprotonated amides contribute to this chromophore remains to be investigated.
Sulfur oxidation of metal-thiolate complexes usually proceeds directly to the doubly oxygenated sulfinate (RSd(O) 2 ), since the singly oxygenated sulfenate (RSdO) is more reactive than its thiolate precursor. Singly oxygenated sulfenates are unstable unless coordinated to a metal ion, 103 and even then they can be difficult to trap. 177 Figure 16 ). 163 Figure 17) , 157 which readily isomerizes to the corresponding O-bound linkage isomer [Fe III (PyP-
-(16; Figure 17 ). The O-bound linkage isomer is apparently the thermodynamically preferred isomer. When the open coordination site of 15 is occupied by, for example, CN -, structural rearrangement to the oxygen-coordinated linkage isomer is not observed. 157 Chottard's oxygen-bound sulfinate complex [Fe III (L-O 2 )] 2-(17; Figure 17 ) provides another example illustrating this point. 179 The unoxygenated tris-thiolate-ligated precursor to 17 could not be isolated. 179 Figure 18 ). 177 The mechanism for this reaction is proposed to involve initial attack by O 2 at the coordinated sulfur of 18 to afford a persul- Figure 19 ), incorporates not only a singly oxygenated sulfur but a doubly oxygenated thiolate as well, 150 making it similar to the NHase active site. 101 The conformation of the sulfenate oxygen in 21, syn with respect to the potential open binding site, is identical to its orientation in NHase. With 21, both the sulfenate sulfur and oxygen coordinate in an η 2 -binding mode. 150 This complex does not bind additional ligands, because the sulfenate oxygen binds to, and blocks access to, the sixth coordination site. This would suggest that the sulfenate oxygen of NHase CysS 114 dO might interfere with activity by blocking the reactive site. The nearby conserved Arg residues (Arg 56 , Arg 141 ) 28, 106 might prevent this by H-bonding to the sulfenate and thereby prevent an η 2 -coordination mode. The η 2 -binding mode also prevents further oxidation of the singly oxygenated sulfur. [Co III ((η 2 -SO)(SO 2 )N 3 (Pr,-Pr))] + (21; Figure 19) Figure 19 ). In contrast to 23, which readily binds azide and thiocyanate, 125,180 22 does not bind additional ligands to its vacant coordination site. The remaining thiolate sulfur of 22 is oxidized (to afford 21) only by H 2 O 2 , and a second oxygen is not added, even with prolonged reaction times and excess peroxide. 150 
Reactivity Models
In order for synthetic models and metalloenzyme sites to display reactivity, there must be an open or labile coordination site. With M III (M ) Fe, Co), sixcoordinate, octahedral structures are highly favored and tend to be less reactive than, for example, fivecoordinate structures, especially if the M III ion is lowspin. Five-coordinate structures are difficult to isolate, however, in the absence of a protective protein pocket, or ligand constraints, especially when thiolates are included in the coordination sphere. Open coordination sites tend to encourage dimerization. Amide ligands tend to favor lower coordination numbers (i.e., <6) due to their high σ-donor capacity. 58 For example, the deprotonated amide ligand HMPA-DMP 4-affords a rare example 181 Figure 20 ), 58 containing a slightly more Lewis acidic Co III ion. These common reactivity patterns associated with thiolate-and amide-ligated cobalt and iron suggest that the NHase protein and the amino acids located in the active site cavity (Hbonds, etc.), as well as the post-tranlationally modified sulfurs, play an important role in modifying the active site properties. Figure 21 ), is obtained using a ligand that incorporates imine nitrogens. 65 Figure 22) . 151, 183 NO-bound 27 is diamagnetic and displays a highly perturbed electronic spectrum (λ max ) 420 nm) and NO stretching frequency ν NO ) 1822 cm -1 similar to that of NOinactivated NHase (λ max ) 370 nm; ν NO ) 1853 cm -1 ). 17, 111 Coupling between the odd electron on NO and the odd electron on the metal, which resides in a π xy *(Fe-S) orbital, is responsible for this large perturbation in electronic structure. 151 In the absence of light, the Fe(III)-NO bond of 27 ( Figure 22) ) more closely matches that of NHase (1852 cm -1 ). 155 Azide binds reversibly to 26, trans to a thiolate sulfur (Figure 21) , to afford a model for the azideinhibited form of NHase [Fe III (S 2 Me 2 N 3 (Pr,Pr))(N 3 )] (28; Figure 22 ). 65 Azide-bound 28 reproduces key magnetic and spectroscopic features of NHase, including its spin-state (S ) 1 / 2 ), low-energy electronic absorption (LMCT) band (λ max ) 708(1600) nm), and average metal-sulfur bond length (Table 3) . 65 The EPR signals associated with azide-bound 28 ( Table  2) are nearly identical to those of azide-inhibited NHase (Table 2) . 52 The intense, low-energy sulfurto-iron charge-transfer band seen with six-coordinate 28 is not seen with five-coordinate 26 (Table 1) . 65 Most likely this is because the orbitals involved in the charge-transfer transition do not overlap as effectively when the S-M-S angles deviate significantly from 90°. A decrease in orbital overlap would be expected to decrease the intensity of the chargetransfer band. 5, 139 With the exception of the NOinhibited form, every form of Fe-NHase characterized to date displays an intense low-energy chargetransfer band. This implies that Fe-NHase is either six-coordinate or maintains a square pyramidal as opposed to trigonal bipyramidal geometry upon dissociation of ligands.
Consistent with Collins's observations regarding the tendency for carboxamide ligands to decrease the Lewis acidity of a metal ion, 58 Artaud found that carboxamido-ligated [Co III (N 2 S 2 )] -(29; Figure 23 ) does not readily bind additional ligandssonly strong π-acid ligands, such as cyanide (a NHase inhibitor), 184, 185 and NO were found to bind to 29. 162 This 106 would increase the metal ion Lewis acidity and thus its tendency to bind additional ligands.
Models That Bind Hydroxide
The resting state of NHase has been shown to contain a hydroxide coordinated to the Fe III ion. 47, 186 Two of the proposed mechanisms for nitrile hydrolysis by NHase involve this hydroxide as the active catalyst. Iron(III) hydroxides are in general unstable with respect to µ-oxo dimer formation, 146, [187] [188] [189] [190] and therefore they are difficult to isolate outside of a protein environment. Hydroxides are easily generated by Fe III , because coordination of a water molecule to Fe III causes the pK a to drop significantly, to the point where it in many cases spontaneously deprotonates, even under mildy acidic conditions. 146, 187, 188, 190, 191 This is especially true with tricationic metal complexes. The large number of negatively charged residues bound to the Fe III ion of NHase is likely to raise this pK a . The SdO's 99 Figure 24 ; tnpa ) tris(6-neopentylamino-2-pyridylmethyl)amine), was reported by Masuda in 1998. 192 Figure 24 ; HPX ) hanging porphyrin xanthene), containing bulky mesityl groups flanking the porphyrin ring, which preclude bis-iron(III) µ-oxo dimer formation, and a rigid spacer containing a single hydrogen-bonding RCO 2 -group. Figure 26 ), 126, 195 was shown to bind nitriles (vide infra) with a K eq that is an order of magnitude larger than that of MeOH (a ligand with a ligand field similar to that of water).
Models That Bind Nitriles
The only thiolate-ligated NHase model complex reported to bind nitriles, [Fe(III)(S 2 Me 2 N 3 (Et,Pr))] + (39), contains two imines and two alkanethiolates in the coordination sphere. 126, 195 Nitrile binding is demonstrated by the variable-temperature UV/vis (-90°C in CH 2 Cl 2 ) and EPR (CH 2 Cl 2 /toluene (1:1) glass, 150 K) spectra (g ) 2.17, 2.14, and 2.01), shown in Figure 26 for RCN (R ) Me). The intense band that grows in at 833 (1010) (40) , in the presence of acetonitrile. Nitrile binding to 39 is also supported by XAS. 126 The decrease in intensity of a pre-edge feature in the XANES spectrum corresponding to a 1s f 3d transistion indicates that the five-coordinate structure converts to a six-coordinate structure when MeCN is added. The EXAFS-determined mean Fe-S distance increases from 2.12 Å in CH 2 Cl 2 to 2.17 Å in MeCN, which is also consistent with an increase in coordination number. 126 A wide variety of nitriles bind to 39, including isopropionitrile, benzonitrile, and acetonitrile. 126 196 Replacement of this trans-thiolate with a nitrogen decreases nitrile exchange rates by 3 orders of magnitude. 126 Given that NHase also possesses a cysteinate sulfur trans to the exchangeable binding site, this suggests that nature utilizes the labilizing effect of a trans-thiolate 196 to improve product dissociation rates, and thus increase enzyme turnover rates.
Models That Hydrolyze Nitriles
Metal ions have been shown to enhance nitrile hydrolysis rates by as much as 10 6 -10 7 . 117, 120, 127, 128, 197, 198 Furthermore, rate enhancement has been shown to be greater for 3+ vs 2+ metal ions. at the coordinated nitrile carbon at a rate of 3.40 M -1 s -1 at 25°C (Table 6) . 197 In contrast, the rate constant for hydrolysis of a free RCN, k OH , is equal to 1.60 × 10 -6 and 8.2 × 10 -6 M -1 s -1 , for R ) Me and Ph, respectively, under basic conditions at 25°C. Coordinated aromatic nitriles, 3-and 4-formylbenzonitrile, are hydrolyzed by this Co(III) complex at rates of 117 and 142 M -1 s -1 respectively, with activation parameters of ∆H q ) 15.4 kcal/mol, ∆S q ) +2 eu, and ∆H q ) 16.0 kcal/mol, ∆S ‡ ) +5 eu, respectively. 120 Chin showed that [Co(cyclen)(OH 2 ) 2 ] 3+ (cyclen ) 1,4,7,10-tetraazacyclododecane) will catalyze the hydration of MeCN to acetamide at pH ) 7 and 40°C via the intramolecular attack of a hydroxide coordinated cis to a coordinated nitrile, with a rate constant of k ) 4.7 × 10 -3 s -1 (Table 6) . 128 Both the MeCNcoordinated and acetamide-coordinated intermediates are detected in this reaction. Product (amide) release is the rate-limiting step of this reaction, with
. 128 Ford and co-workers have shown that by coordinating nitriles to a metal ion, nitrile hydrolysis rates are enhanced by as much as 10 6 relative to those in the absence of the metal ion. 127 Metal ions in the 3+ oxidation state were shown to enhance rates more than those in the 2+ oxidation state (Table 6) . 127 This is illustrated by the hydrolysis chemistry of [Ru II (NH 3 ) 5 
, which does not become a viable catalyst until the metal ion is oxidized to the 3+ oxidation state (Table 6) . 117, 127 This suggests that the metal ion in these catalysts activates the nitrile by acting as a Lewis acid (i.e., via an inductive effect), as opposed to via π-back-donation into the nitrile π* orbitals. Given that Lewis acidity depends on the charge-to-size ratio (z/r), it is likely that if nitriles coordinate to the NHase M 3+ ion, both the higher oxidation state and the low spin-state of NHase play important roles in promoting nitrile hydrolysis. The low spin-state would contribute to increasing Lewis acidity by decreasing the metal ion size.
The first thiolate-ligated NHase model complex to catalyze nitrile hydrolysis was reported by Mascharak in early 1999. 159 Under basic conditions, the hydroxide-ligated cobalt complex [Co III (PyPS)(OH)] 2-(38; Figure 25 ) slowly hydrolyzes nitriles (18 turnovers in 4 h; Table 6 ) at 50°C and pH ) 9.5, presumably via mechanism 1 or 2 of Figure 6 . In 2001, Chottard and co-workers reported that sulfe-
-(20, Figure  18 ) will slowly hydrolyze nitriles (50 turnovers in 24 h) at 4°C under acidic conditions (pH ) 4.8; Table  6 )). 69 It was proposed that a singly oxygenated sulfenate oxygen is intimately involved in the mechanism of this system (Figure 27 ), and that this may also be the case with NHase. A mechanism of this sort would not involve the coordination of substrate to the metal ion, and thus would avoid the need for product displacement from a low-spin (substitutioninert) metal ion. However, as demonstrated by the slow rates (with 20), the mechanism shown in Figure  27 does not benefit from the lowered activation barrier made possible via coordination to a Lewis acidic metal ion. Evidence for a mechanism involving the sulfenate oxygen of 20 ( Figure 18 ) is three-fold. First, the fact that the metal ion of 20 is coordinatively saturated, and does not contain exchangeable ligands (isonitriles are strong-field ligands, and multidentate ligands, especially amides, do not readily dissociate), rules out a reaction mechanism involving nitrile coordination to the metal ion. Second, the analogous sulfinate derivative [Co
-(41; Figure 28 ) containing doubly oxygenated sulfurs does not hydrolyze nitriles, implying that the singly oxygenated sulfurs are needed. 69 This would be consistent with the more reactive nature of free sulfenates (RSdO) vs sulfinates (RS(dO) 2 ) 103 and the weaker SdO bond of metal-coordinated sulfenates vs sulfinates. 171, 176 Third, 18 O-labels are incorporated into the sulfenate of 20, but not the O exchange (Figure 29 ). 69 Although a more detailed mechanistic study involving Chottard's system
69 has yet to be been reported, the work is supported by similar results obtained by Deutsch and co-workers. Deutsch showed that the Co III -coordinated sulfenate oxygen in [(en) 2 Co III -(S(O)CH 2 CH 2 NH 2 )] 2+ (42) behaves as a nucleophile and will react with Lewis acids such as BF 3 and H + . 70, 71 This suggests that when coordinated to a Co III center, the sulfur oxygen bond of a sulfenate is significantly polarized, and resonance form "b" of Figure 29 dominates. The rather electron-rich environment of NHase would be expected to favor this resonance form even more, since it would place a positively charged sulfur next to the electron-rich metal ion. This is supported by recent DFT calculations which show that the sulfinate residue Cys 112 -SdO in NHase is very strongly polarized. 112 The sulfur atom of Cys 112 -SdO is predicted by these calculations to be the most positively charged center of the NHase active site. 112 
Making Low-Spin Co(III) More Reactive
If substrates coordinate to the metal ion of NHase as shown in mechanisms 2 and 3 of Figure 6 , an obvious question with regard to Co-NHase concerns the usual lack of ligand exchange seen with Co(III) that would be expected to disfavor product dissociation. As stated by Lippard and Berg, 136 "Very inert first-row metals such as Co(III) are only rarely encountered in bioinorganic chemistry." Kovacs showed, however, that when anionic sulfur ligands are incorporated into the coordination sphere, ligand substitution rates for low-spin Co(III) can be dramatically increased. 125 This is also supported by Mascharak's observations that cyanide readily dissociates from low-spin [Co III (PyPS)(CN)] 2-. 159 Fivecoordinate [Co III (S 2 Me 2 N 3 (Pr,Pr))] + (23; Figure 19 ), which contains Co(III) in an environment resembling that of NHase, was shown to reversibly bind N 3 -, SCN -, and NH 3 ( Figure 30 ). 180 Dissociation rate constants (Table 5) (Table 5) . 199 These faster than usual exchange rates could be attributed either to the presence of a higher (S ) 1 or 2) spin-state that is partially populated at the temperatures of these experiments, 200 or to the trans-thiolate sulfur ligand which is expected to have a labilizing effect. 196, 201 Temperature-dependent magnetic studies show no thermally accessible higher spin-states with 23-N 3 or 23-SCN, suggesting that the latter explanation is responsible. This implies that the trans-thiolate sulfur plays an important role in promoting NHase reactivity.
Superoxide Reductase (SOR)
Enzyme Function
Superoxide reductases (SORs) remove potentially toxic superoxide [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] 202, 203 from anaerobic organisms without forming O 2 as a side product. 33 The more well-known superoxide dismutases (SODs), 204 on the other hand, afford an equivalent of O 2 for every two molecules of O 2
•-destroyed. Oxidations mediated by superoxide are implicated in a number of important degenerative diseases. For example, the cell death and tissue damage that occurs following a stroke or heart attack is known to be caused by the high concentrations of O 2 -that build up following such an event. 205, 206 Severe neurological disorders such as 
Active Site Structure and Mechanism
Three crystal structures of SOR have been reported from two different bacterial sourcessPyrococcus furiosus 34 and Desulfovibrio desulfuricans. 40, 215 In the catalytically active reduced state ( Figure 31A ), SOR contains a high-spin (S ) 2) Fe II center (center II) ligated by four equatorial histidines and one apical cysteinate trans to an open site. In the oxidized resting state (Figure 31B ), the iron is high-spin (S ) 5 / 2 ) and contains a glutamate (Glu 14 or Glu 47 depend- ing on the organism) coordinated to the sixth axial site. This glutamate (Glu 14 and Glu 47 ) is attached to a solvent-exposed flexible loop region of the protein and moves to a distance of 7.1 Å away from the metal ion upon reduction to the Fe II state. 34 This flexible loop region also contains a conserved lysine (Lys 47 in desulfoferrodoxin; 40 Lys 48 in Desulfoarculus baarsii) that has been shown to be essential for catalytic activity. 30 The ammonium group of Lys 47 (or Lys 48 ) lies 6-12 Å away from the iron center. One of the key steps in the mechanism of superoxide reduction by SOR is proposed to involve the transfer of a proton from this Lys residue to metal-bound intermediates (vide infra). 38 An obvious question regarding function concerns the ability of SORs to selectively reduce, as opposed to disproportionate, superoxide. The more extensively studied metalloenzyme, superoxide dismutase (SOD), disproportionates O 2 -to afford H 2 O 2 and O 2 . 204, 216 The active site's redox potential and access to protons would be the two most important parameters governing this chemistry. The metal ion of SOR sits at the surface of the protein exposed to solvent. 34, 40 The redox potential of the SOR Fe 2+ /Fe 3+ couple has been reported to fall in the range from 0.00 to -0.15 V vs SCE. 40, 73, 74, 214, [217] [218] [219] This redox potential range is high enough to make the reduced Fe II form readily accessible (in fact, SOR has been shown to slowly autoreduce, even in air), 35 but at the same time is not too high, so that reduction of superoxide is still favored. The redox potential of superoxide (O 2 -) is highly dependent on pH. It is significantly easier to reduce under acidic conditionssat pH ) 0, superoxide is reduced at a potential of +1.27 V vs SCE, whereas at pH ) 7.5 and pH ) 14, it is reduced at +0.83 and -0.041 V, respectively. If SOR-catalyzed superoxide reduction involves outer-sphere electron transfer, then protons are probably used to raise the redox potential of superoxide and drive its reduction. If superoxide reduction occurs via an inner-sphere electron mechanism, on the other hand, then redox potentials would be less important. Organisms containing SORs are anaerobic, and therefore not equipped to deal with the dioxygen product that would result from superoxide oxidation (one of the two half-reactions occurring with SODs). Superoxide oxidation is favored in the absence of a proton source, as indicated by the redox potential of the O 2 -/O 2 couple (-0.80 V vs SCE at pH ) 14), which is significantly lower than when protons are present (-0.13 V vs SCE at pH ) 0). Thus, the redox potential of the SOR Fe 2+ /Fe 3+ couple vs superoxide indicates that outer-sphere reduction of superoxide would be thermodynamically favored, as long as protons are available. Both inner-sphere and outersphere mechanisms require protons to cleave an Fe-O bond and/or to stabilize the peroxide product (H 2 O 2 ). Thus, protons play an important role in governing the chemistry that occurs at the SOR active site. Placement of the active site close to the surface of the protein, 34 with the open binding site accessible to solvent, provides a constant pool of protons and access to the metal site. By burying the active site with SODs, on the other hand, proton delivery is perhaps more controlled, and protons are less accessible, making it possible to drive superoxide oxidation.
The mechanism by which SORs are proposed to reduce superoxide is shown in Figure 32 . Superoxide is proposed to bind to the reduced Fe II state of SOR at diffusion controlled rates (
). The transfer of an electron from the metal ion to the bound substrate via an inner-sphere pathway is then proposed to afford an Fe III -peroxide intermediate (43) . [29] [30] [31] 38, 39 This intermediate is observed in pulse radiolysis experiments by electronic absorption spectroscopy. 30, 31 Consistent with an inner-sphere pathway, exogenous ligands such as azide, nitric oxide, and cyanide have been shown to bind to the iron site of SOR. 36 Upon release of hydrogen peroxide, a nearby glutamate (Glu 14 in Pyrococcus furiosus 34 and Glu 47 in Desulfovibrio vulgaris) 30 coordinates to the iron center to afford the six-coordinate, Fe III -oxidized resting state ( Figure 31B ). The proposed peroxide intermediate (43; Figure 32 ) displays a chargetransfer band at 600(∼3500)nm 35 and releases H 2 O 2 at a rate of 40-50 s -1 . 31, 38, 73 The intense low-energy charge-transfer band associated with this intermediate was originally assigned as a combination peroxide/ sulfur-to-metal charge-transfer transition, 31 but more recently it was suggested that this band is too low in energy for peroxide to be involved. 36 O-labeled spectrum. 29 Stretching frequencies in this range are consistent with a metal-peroxide species. Mononuclear Fe IIIperoxide species have also been proposed, or identified, in the catalytic cycles of the antitumor drug bleomycin, 220 heme oxygenase, 221 cytochrome P450, 66, 67 and Rieske dioxygenases. 4, 7, 222 With synthetic systems, peroxides have been shown to bind to iron in either an end-on or a side-on fashion ( Figure  33) . 152, 223, 224 Side-on iron-peroxides tend to have weaker Fe-O and stronger O-O bonds relative to end-on peroxides. This is reflected in the ν Fe-O and ν O-O stretching frequencies, which fall in the range 438-503 and 816-850 cm -1 , respectively, for a sideon peroxide, versus 609-644 and 781-806 cm -1 , respectively, for an end-on peroxide. 152, 223, 224 Side-on Fe-peroxides tend to be high-spin (S ) 5 / 2 ), and endon Fe-peroxides tend to be low-spin (S ) 1 / 2 ), at least based on the only available examples ( Figure  33) . 152, 223, 224 On the basis of its spin-state (S ) ) experiment required to varify this proposal has yet to be reported. Currently, the only structurally characterized biological example of a side-on-coordinated O 2 species 225 is naphthalene dioxygenase, a non-heme iron enzyme. 7 With SOR, it is not clear whether a similar side-on peroxide would form in the native enzyme, or whether the Glu f Ala mutation is responsible for its formation, if indeed it forms in this mutant. Recent DFT calculations comparing the stability of possible SOR intermediates suggest that a side-on peroxide would be much less stable than an end-on peroxide. 38 As mentioned earlier, the active site of reduced SOR resembles that of the heme iron site of cytochrome P450 (Figure 2 ). The P450 analogy goes even further in that both SOR and cytochrome P450 have been proposed to form end-on hydroperoxide (Fe III -OOH; Figures 32 and 34) intermediates during their catalytic cycle. 51, 67 The major difference is that the O-O bond is cleaved with P450, whereas the Fe-O bond is cleaved with SOR. With SOR, it has been suggested that the trans cysteinate sulfur assists in promoting reduction of superoxide by "pushing" electron density onto the metal ion, and promotes cleavage of the Fe-O bond via its trans effect. 36 With P450, on the other hand, the trans cysteinate sulfur is proposed to play a critical role in promoting O-O bond cleavage and creating a reactive oxidation catalyst via the back-donation of electron density from the sulfur to orbitals possessing antibonding O-O character. 51, [66] [67] [68] Differences in spin-state may be, in part, responsible for these differences in reactivity. 37 51 as well as Solomon and co-workers for related non-heme iron systems, 227 weakens the O-O bond. 226 The site of protonation has also been shown to play a significant role in determining whether Fe-O or O-O bond cleavage occurrs ( Figure 34 ). 51 Both the Fe-O and O-O bond cleavage steps of SOR and P450, respectively, are believed to be proton-assisted. With P450, protonation of the distal oxygen polarizes the O-O bond, making heterolytic cleavage favorable ( Figure 34) . 51 With SOR, protonation of the proximal oxygen would weaken the Fe-O bond, making Fe-O bond cleavage favorable ( Figure 32 ). 38 There is no evidence for oxygenase activity with SOR, suggesting that the O-O bond cleavage does not occur, and reduced Fe II -SOR is believed to be unreactive toward O 2 .
35,38
Exogenous Ligand Binding
Johnson and co-workers have spectroscopically probed the SOR superoxide binding site via the addition of exogenous ligands such as N 3 -, CN -, and NO. 36, 37 SOR is inhibited by cyanide 228 but not by azide. Spectroscopic studies indicate that both azide and cyanide bind to the SOR iron site, in both its reduced and oxidized states. 36 A possible mechanism for cyanide inhibition of SOR activity would involve cyanide coordinating to the open coordination site of the catalytically active Fe 2+ site. This would make the Fe site inaccessible to O 2 -. However, this would not explain why SOR is not inhibited by azide. Another possibility is that CN -inhibition involves the oxidized state. Given that the electronic properties of the oxidized SOR iron site are dramatically altered by cyanide but not by azide, 36 this represents a likely possibility. Oxidized SOR is characterized by an intense low-energy sulfur-to-iron charge-transfer band 217 at 660(2500) nm 36 that is sensitive to changes in pH and mutations of residues near the active site, as well as the addition of exogenous ligands. Mutation of the Glu 47 residue (from Desulfoarculus baarsii) to an Ala causes the LMCT band of wild-type oxidized SOR to blue-shift from 660 to 580(1800) nm. 30 It has been suggested that this is caused by the replacement of the coordinated carboxylate with a water. A shift in pH from 7.5 to 10.0 in wild-type SOR (obtained from Pyrococcus furiosus) causes the LMCT band to blue-shift from 660 to 590 nm. 36 Cyanide causes this band to red-shift to 685(2700) nm, whereas azide does not induce a noticeable shift. 36 Cyanide also induces a spin-state change from S ) 5 229 Azide, on the other hand, does not cause the spin-state to change. 36 It is assumed that both N 3 -and CN -displace the glutamate when they bind to the oxidized SOR active site.
With its odd electron, nitric oxide (NO) is used in many cases to probe spectroscopically silent metal ions in biology, such as Fe 2+ , 5, 140 in order to get detailed information about the metal ion's electronic structure. 230 The frontier orbitals, and thermal stability of complexes derived therefrom, make NO a convenient mimic of dioxygen and its activated derivatives. When nitric oxide interacts with the Fe II ion of SOR in its catalytically active state, an electron is transferred from the metal ion to the NO via an inner-sphere mechanism to afford a species which is best described electronically as an Fe III -NO -species. 37 This is analogous to the mechanism by which superoxide is proposed to undergo reduction. The electronic absorption spectrum of this NO-bound SOR derivative is dominated by a fairly intense π*(NO -)-to-Fe 3+ charge-transfer band at 475(530) nm. 37 The NO-bound SOR Fe III ion is high-spin (S ) 5 / 2 ), as is the only Fe III -O 2 2-SOR derivative characterized so far. 29 With Fe-NO SOR, the two odd electrons on the NO -couple antiferromagnetically to two of the five unpaired electrons on the Fe III , resulting in an overall spin of 3 / 2 , as shown by the EPR parameters (g ) 4.34, 3.76, and 2.00). 37 A similar S ) 3 / 2 EPR signal is observed when NO binds to other non-heme Fe II enzymes. 230 The vibrational spectrum of Fe-NO SOR contains a ν N-O stretch at 1721 cm -1 and a ν Fe-NO stretch at 475 cm -1 , consistent with a reduced NO (NO -) and a fairly weak Fe-NO bond. The population of σ* antibonding orbitals in a high-spin Fe III -NO -would be expected to contribute to the weakening of this Fe-NO bond. By analogy, it is argued that the similar electronic structure of the SOR Fe IIIperoxo intermediate would favor cleavage of the Fe-O bond, as opposed to the O-O bond, favoring peroxide release as opposed to cytochrome P450-type oxidation chemistry (Figure 34 ). 37 In contrast to NHase, the NO of NO-SOR is not photolabile.
Biomimetic Models of SOR
The spectroscopic characterization and isolation of Fe III -peroxo complexes is extremely difficult owing to their high reactivity, thermal instability, and photolability. 5, 227, 231, 232 Only recently have biomimetic analogues of reactive metal-oxygen species been generated and characterized at low temperatures. 152 Figure 33) , 225, 228, 240 and [(trispicMeen)-Fe III (η 1 -OOH)] 2+ (47, Figure 33 ). The most thoroughly studied side-on peroxide is [Fe III (EDTA)(η 2 -O 2 )] 3-. 234 Another example of side-on peroxides is [Fe III (porphyrin)(η 2 -O 2 )]. 241, 242 Both Que and Girerd have shown that when ligated by nitrogen ligands, a sideon ferric peroxide will convert to end-on ferric hydroperoxide species upon protonation. 84, 225, 226, 235, 236, 238 In both examples, the side-on peroxide (44 and 46; Figure 33 ) is S ) 5 / 2 , whereas the end-on hydroperoxide (45 and 47) is S ) 1 / 2 . The ν O-O stretching frequencies of these side-on peroxides (827 (44) and 819 cm -1 (46)) are at higher energies than those of the corresponding end-on hydroperoxides (790 (45) and 796 cm -1 (47) None of the synthetic complexes described above (44-47) contain thiolate ligands. An obvious question in relation to SOR concerns how a thiolate sulfur ligand would affect H 2 O 2 formation and release. It has been suggested that the trans-thiolate provides a pathway for electron delivery to the iron site and labilizes the Fe-O bond, favoring peroxide release. 36 If the latter were true, then one would expect the thiolate to perturb the properties of end-on and sideon Fe(III)-peroxide species relative to systems lacking a thiolate. It is also possible that, in contrast to the nitrogen-ligated systems, a π-donor sulfur ligand would favor a high-spin Fe III -OOH species. A highspin Fe III -OOH species would be predicted to have a fairly weak Fe-O bond, in contrast to a low-spin Fe III -OOH species. Another obvious question concerns the positioning of the sulfur ligand. Does the positioning of this thiolate trans to the peroxide help to labilize the Fe-O bond? These are all questions that could be addressed with synthetic thiolateligated SOR models.
Halfen and co-workers have synthetically modeled the square pyramidal structure of reduced SOR using a pyridyl appended diazacyclooctane ligand (L 8 py 2 ; Figure 35 ). 154 (1) s -1 (at 298 K), a rate that is comparable to that of the SOR enzyme. [30] [31] [32] 38, 39, 73 Peroxide-bound 51 displays a Fermi doublet in the IR (Figure 38 ) at 788 and 781 cm -1 which collapses to a singlet at 784 cm -1 upon deuteration. 152 (Figure 38 ). This shift of 31 cm -1 is close to that predicted (44 cm -1 ) for a diatomic oxygen species. Fits to the EXAFS data for 51 required a new short Fe-O bond at 1.86(3) Å that is not present in either the Fe II precursor 49 or the MeOH-bound product 50-MeOH. Addition of an outer-sphere oxygen at 2.79(6) Å improved these fits slightly. 152 The small Debye-Waller factor associated with this outer-sphere oxygen suggests that this oxygen is highly ordered, possibly due to H-bonding between the hydroperoxide and the cis-thiolate sulfur. The XANES spectrum is consistent with a six-coordinate oxidized Fe III (54) , on the other hand, is S ) 1 / 2 (g ⊥ ) 2.13, g | ) 2.00) over the entire temperature range (2-300 K) examined. Cyanide also dramatically alters the magnetic properties of SOR: N 3 -SOR and Glu-SOR SOR are high-spin (S ) 5 / 2 ), whereas CN-SOR is low-spin (S ) 1 / 2 ). These differences in spin-state are not surprising, given the differences in ligand-field strengths of N 242 A possible explanation for this dramatic shift in potential upon CN -binding is apparent when one considers that redox potentials reflect the relative stability of a metal complex in two different oxidation states. Reduction of Fe III -CN involves a spin-state change, from low-spin Fe III -CN containing no populated antibonding orbitals to high-spin Fe II containing two antibonding electrons. With the azide and acetate derivatives, there would be much less loss in stability because the six-coordinate complexes start out with antibonding electrons. Given that electron transfer plays a prominent role in SOR chemistry, it is likely that SOR inhibition occurs by interfering with these redox processes.
Perspective
Despite the many challenges, much progress has been made in an attempt to determine the roles played by cysteinate sulfur ligands in promoting biological non-heme iron enzyme function. The molecular-level details regarding metalloprotein function are typically revealed using several complementary lines of study, at the interface of chemistry, biology, and physics. 137, 138 As illustrated by the examples described in this review, small molecular analogues reproducing either key spectroscopic features or reactivity of metalloenzymes such as nitrile hydratase (NHase) and superoxide reductase (SOR) have helped to reveal details regarding the active site structure in relation to function and possible reaction mechanisms. When at least two thiolate sulfurs and either imine or amide ligands are incorporated into the coordination sphere, the low (S ) 1 / 2 ) spin-state of Fe III is favored. This coordination environment also stabilizes iron in the 3+ oxidation state, making it redox inactive. The Lewis acidity of the metal ion is significantly decreased by replacing neutral imines with anionic carboxamides, and increased via oxygenation of the coordinated sulfurs. A systematic study which correlates the reactivity of thiolateligated Fe III sNtCR and Fe III sOH species with ligand environment, spin-state, and the presence or absence of oxygenated sulfurs is required if we wish to fully understand how the structure of NHase contributes to its function. Experiments correlating NHase activity with the presence of ν SdO vibrational stretches, or the observation of oxygenated sulfurs by S-XAS, would allow one to defintively determine whether both oxygenated sulfurs are required for activity. Studies of this nature have yet to be reported. Whether all of the reaction chemistry promoted by NHase takes place at a singly oxygenated sulfenate ligand also needs to be explored.
Despite their vastly different reactivities, nitrile hydratase (NHase) and superoxide reductase (SOR) have in common a non-heme iron active site containing a cysteinate sulfur trans to a "substrate binding site". The trans positioning of this sulfur has been proposed to play an important role in promoting the chemistry that occurs at these sites. As illustrated by the examples described in this review, the translabilizing effect of a coordinated sulfur ligand can be used to increase metal-bound product dissociation rates by several orders of magnitude, making an otherwise inert metal ion, such as the Co III ion of NHase, reactive. With SOR, a biomimetic model was shown to promote SOR chemistry, despite the positioning of the thiolate sulfur cis, as opposed to trans, to the peroxide. 152 This suggests that a trans-thiolate may not be necessary to promote SOR function. In the heme iron enzyme cytochrome P450, which structurally resembles SOR, the trans cysteinate sulfur has been proposed to play an important role in promoting O-O bond cleavage. 51, 67, 68 
